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ABSTRACT 


Hydrostatic  tests  were  conducted  on  nine  fabricated 
HY-80  steel  hemispheres  to  observe  the  effects  of  residual 
stresses  from  cold  forming  and  welding  on  elastic  response 
and  collapse  strength.  Nondimensionalized  collapse  data 
indicated  that  residual  stresses  due  to  welding  play  a  sig 
nificant  part  in  the  collapse  strength  of  fabricated  HY-80 
steel  hemispheres. 


ADMINISTRATIVE  INFORMATION 

The  work  described  in  this  report  was  sponsored  by  the  Naval  Ship 
Systems  Command,  Subproject  SF  35.422. 210,  Task  15054. 

INTRODUCTION 

For  several  years  the  Naval  Ship  Research  and  Development  Center 
(NSRDC)  has  been  studying  realistically  fabricated  hemispherical  shells  in 
order  to  determine  the  individual  contributions  of  such  factors  as  local 
flat  spots  and  thin  spots,  mismatch  at  joints,  residual  stresses,  and 
boundary  conditions  to  the  observed  reduction  in  strength  of  these  shells 
as  compared  with  perfect  hemispheres.  Tests  have  been  conducted  on  both 
30-  and  66-in.  diameter  HY-80  hemispheres  fabricated  by  welding  together 
six  doubly  curved  "orange  peel"  shell  segments  plus  a  shallow  polar  cap. 
Some  of  these  hemispheres  were  hydrostatically  tested  in  the  as-fabricated 
condition  while  others  were  stress  relieved  prior  to  hydrostatic  testing. 
Comparison  of  test  results**^  indicated  an  appreciable  difference  in  col¬ 
lapse  strengths  attributable  to  the  weakening  effects  of  residual  stresses, 
first  from  cold  forming  the  individual  segments  and  second  from  welding  the 
segments  together.  Since  forming  stresses  can  be  eliminated  on  prototype 
hulls  by  stress  relieving  the  segments  or  by  using  hot  forming  practices, 
the  project  herein  reported  was  initiated  to  determine  the  effect  of  weld¬ 
ing  residual  stresses  alone. 

Seven  66-in.  diameter  and  two  30- in.  diameter  hemispheres  were 
fabricated  and  tested.  Of  the  66-in.  diameter  hemispheres,  three,  AF-1, 
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AF-2,  arul  AF-3,  were  tested  in  the  as-fabricated  (cold  formed)  condition 
while  the  segments  for  the  other  four,  SRS-1,  SRS-2,  SRS-3,  and  SRS-4,  as 
well  as  the  two  30-in.  diameter  hemispheres  SRS-2A  and  SRS-3A,  were  stress 
relieved  after  light  tack  welding  and  before  final  welding.  The  as- 
fabricated  models  were  made  to  supplement  previous  test  data. 

DESCRIPTION  OF  MODELS 

Seven  66-in.  diameter  HY-80  steel  hemispheres  were  made  by  the  Lukens 
Steel  Company  using  procedures  used  for  full-scale  submarine  bulkheads. 
Except  where  noted,  the  methods  were  the  same  as  used  for  the  66-in. 
diameter  hemispherical  models  reported  in  References  1  and  2.  Each  of  the 
present  models  consisted  of  six  60-deg  "orange  peel"  segments  and  one 
shallow  spherical  cap,  all  formed  from  pieces  of  the  same  flat  plate.  An 
assembled  hemisphere  is  shown  in  Figure  1.  Models  AF-1,  AF-2,  and  AF-3 
were  made  by  cold  forming  the  individual  segments  and  welding  them  together. 
Models  SRS-1,  SRS-2,  SRS-3,  and  SRS-4  were  made  by  hot  forming  the  indi¬ 
vidual  segments,  lightly  tack  welding  them  in  place,  stress  relieving  for 
an  hour  at  1025  deg,  and  finally  welding  the  segments. 

Models  SRS-2A  and  SRS-3A,  30-in.  diameter  HY-80  hemispheres,  were 
made  at  NSRDC.  The  segment  configuration  was  the  same  as  for  the  66-in. 
diameter  hemispheres.  The  individual  segments  were  cold  formed,  lightly 
tacked  to  their  mold  and  stress  relieved  at  1025  deg  for  an  hour.  The 
stress  relieved  segments  were  then  welded  together. 

In  the  case  of  the  two  30-in.  models,  SRS-2A  and  SRS-3A,  two  extra 
"orange  peel"  segments  were  cut  from  the  same  plates  and  cold  formed. 
Compression  specimens  were  cut  from  one  segment.  The  other  segment  was 
stress  relieved  with  its  model  after  which  compression  specimens  were 
taken.  The  yield  strength  distribution  for  these  extra  segments  is  shown 
in  Figure  2.  Typical  stress-strain  curves  for  model  SRS-2A  from  the 
original  flat  plate  and  the  two  extra  formed  segments  are  shown  in 
Figure  3. 

For  all  calculations  Young's  modulus  and  Poisson's  ratio  were 
assumed  to  be  30x10^  psi  and  0.3,  respectively.  For  all  models  the  yield 
strength  of  the  original  plate  was  used  in  calculations  for  the  collapse 
pressure.  It  is  realised  that  this  will  not  be  representative  of  the 
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material  in  place  for  the  three  AF  models  because  of  work  hardening.  Data 
on  the  variation  in  yield  strength  due  to  forming  and  stress  relieving  is 
presented  in  Table  1. 

Prior  to  testing  each  hemispherical  model  was  welded  to  a  stiffened 
cylinder.  The  cylinders  used  on  the  66-in.  and  30-in.  hemispheres  were 
made  from  HY-80  and  HY-150  steel  respectively  for  two  previous  series  of 
hemispheres.  Although  the  cylinders  did  not  provide  membrane  boundaries 
at  the  hemisphere-cylinder  juncture,  it  was  felt  that  the  stiffnesses 
would  be  sufficiently  close  to  preclude  any  detrimental  effects.  Model 
and  cylinder  assemblies  are  shown  in  Figure  1  together  with  nominal 
dimensions. 


PROCEDURE 

DETERMINATION  OF  INITIAL  IMPERFECTIONS 

The  analysis  for  imperfect  spherical  shells^5  requires  the  determi¬ 
nation  of  local  imperfections  over  the  entire  shell  surface.  This  was 
accomplished  by  measuring  deviations  from  an  assumed  radius  using  an 
assumed  center  as  reference.  This  data  was  fed  into  a  computer  program, 
YL01,  which  calculated  a  new  center  and  new  average  radius  and  modified 
the  deviations  accordingly.  These  deviations  were  plotted  in  the  form  of 
contour  maps  as  sh^wn  in  Figure  4.  Minus  signs  indicate  inward  deviations. 
The  view  is  of  the  inside  of  the  model  rolled  out  into  a  flat  surface 
whose  radial  scale  remains  constant.  The  scale  factor  is  found  by  dividing 
one  half  of  the  circumference  of  the  hemisphere  by  the  diameter  of  the 
plotted  circle.  The  scale  in  all  other  directions  is  a  function  cf 
orientation  and  distance  from  the  center  of  the  plot.  To  overcome  the 
mapping  problem  clear  plastic  overlays  such  as  shown  in  Figure  S  were  used. 
Any  diagonal  across  an  oval  represents  the  same  arc  length  on  the  hemi¬ 
sphere. 

In  addition  to  sphericity  readings  IS1  thickness  readings  were  made 
on  each  shell.  They  are  presented  in  Table  2. 

The  contour  map,  overlay,  and  thickness  table  were  used  to  examine 
flat  spot  areas.  The  method  is  described  in  detail  in  References  1  and  S. 
Each  flat  spot  was  characterised  by  its  ratio  of  local  to  nominal  radius 
R./R  and  its  local  thickness  h  . 

1  9 
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In  addition  to  flat  spots,  mismatches  at  welded  joints  in  terms  of 
deviations  from  sphericity  are  given  in  Figure  4. 

Recently  the  examination  of  flat  spots  has  been  automated.  A  com¬ 
puter  program,  0SR1,  written  by  R.D.  Rockwell  of  NSRDC  incorporates  YL01 
but  requires  the  additional  input  of  thickness  measurements.  Output  in¬ 
cludes  the  contour  map  which  was  heretofore  plotted  by  hand  and  a  table  of 
local  radii. 

TEST  PROCEDURE 

Each  hemisphere  was  instrumented  with  between  50  and  150  foil- 
resistance  strain  gages.  Areas  for  gaging  were  chosen  on  the  basis  of 
flat  spot  calculations  and  mismatch  readings.  Additional  gages  were  placed 
at  the  edges  of  segments  for  the  SRS  models  to  detect  the  effect  of  weld¬ 
ing  residual  stresses.  Strain  gage  locations  are  shown  in  Figure  6. 

The  66-in.  and  30-in.  models  were  statically  tested  in  oil  in  the 
NSRDC  6-foot  head  testing  tank  and  4-foot  testing  tank,  respectively.  The 
test  setup  is  shown  in  Figure  7.  In  most  cases  each  test  consisted  of 
three  pressure  runs--the  first  and  second  to  approximately  70  and  90  per¬ 
cent,  respectively,  of  the  collapse  pressure  and  the  third  to  collapse. 

The  final  increment  prior  to  collapse  was  less  than  2  percent  of  the  col¬ 
lapse  pressure. 


RESULTS  AND  DISCUSSION 

Experimental  collapse  pressures  for  each  model  are  shown  in  Table  3. 
Figure  6  shows  strain  sensitivities  defined  by  the  slope  of  the  initial 
linear  portion  of  the  applied  pressure  versus  measured  strain  curve  and 
given  in  uin./in./psi. 

Typical  pressure- strain  plots  are  presented  in  Figure  8.  Pressure- 
strain  data  for  Model  SR3-1  is  not  available  for  presentation.  For  such 
an  (..stable  model  it  is  unlikely  that  strain  gages  at  local  flat  spots 
experienced  appreciable  nonlinearity  prior  t>  collapse.  Model  SRS-2  is 
also  not  included.  For  this  model  all  gages  were  linear  up  to  collapse. 
Figure  9  shows  the  models  after  collapse. 
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Nondimensional  plots  of  experimental  results  for  the  nine  models 
are  presented  in  Figure  10;  the  abscissa  is  the  ratio  of  elastic  buckling 
pressure  P'  to  the  yield  pressure  ,  and  tne  ordinate  is  the  ratio  of  the 
experimental  collapse  pressure  Pc  to  P'.  It  should  be  noted  that  local 
geometry  in  the  area  of  failure  was  used  to  calculate  PI  and  which  are 

J  y 

defined  by  the  expressions 

P'  =  0.84E  for  v  =  0.3  (1) 


P' 

y 


2  o  h  R, 
y  a  lm 

<v2 


(2) 


where  h&  is  the  average  thickness  at  the  flat  spot, 
is  the  local  outside  radius, 

R.  is  the  local  midsurface  radius, 
lm  * 

E  is  Young's  modulus,  and 

0^  is  the  yield  strength. 

Results  of  References  1  and  2  have  been  included  for  comparison. 

The  difference  between  the  yield  line  and  the  iowei  bound  for  the  stress 
relieved  models  of  References  1  and  2  was  attributed  to  secondary  moments. 
The  difference  between  the  loiter  bounds  for  the  previous  stress  relieved 
models  and  the  present  models  composed  of  stress  relieved  segments  (SRS) 
is  attributed  to  residual  welding  stresses.  The  difference  between  the 
lower  bounds  for  the  SRS  mocels  and  the  models  tested  in  the  as ~ fabricated 
(A F)  state  is  attributed  to  residual  forming  stresses.  The  present  results 
for  the  three  as-fabricated  models  are  consistent  with  previous  results. 

The  data  point  for  AF-2  lies  on  the  previously  determined  lower  bound 
curve  for  as-fabricated  hemispheres.  AF-2  failed  near  a  meridional  weld. 
The  data  points  for  AF-1  and  AF-J  however  are  considerably  above  the  lcwer 
bound  line.  These  two  models  failed  in  the  middle  of  "orange  peel"  seg¬ 
ments.  A  certain  amount  of  scatter  is  evident  in  tne  data  points  for  the 
six  models  composed  of  stress  relieved  segments.  SRS-JA  for  example 
proved  stronger  than  a  comparable  hemisphere  without  residual  welding 
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stresses.  The  lower  bound  curve  for  these  six  models  is  somewhat  lower 
than  one  might  expect.  It  appears  that  removing  the  residual  forming 
stresses  does  not  do  as  much  to  increase  the  buckling  pressure  as  does 
removing  the  residual  welding  stresses.  The  failure  areas  for  all  but 
SRS-4  of  these  six  models  were  near  welded  joints. 

Local  fabrication  mismatch  between  adjoining  segments  of  the  66-in. 
diameter  hemispheres  was  0.1  inch  or  less.  Mismatch  for  the  30-in. 
diameter  hemispheres  was  0.04  inch  or  less.  This  amounted  in  some  cases  to 
as  much  as  26  percent  of  the  shell  thickness.  Although  this  sounds  ex¬ 
cessive  it  should  be  mentioned  that  the  severity  of  the  mismatch  was  al¬ 
ways  limited  to  a  fraction  of  the  length  of  the  connection.  None  of  the 
most  severe  mismatches  as  shown  in  Figure  4  are  within  the  failure  areas. 

The  effect  of  mismatch  alone  on  the  collapse  strength  of  hemispherical 
shells  has  been  investigated  and  the  results  presented  in  Reference  4. 

As  is  readily  apparent  from  Table  4  only  three  of  the  nine  models 
of  thic  series  collapsed  at  area  I,  the  geometrically  "critical"  area 
based  on  minimum  h  /R. .  This  is  attributed  to  such  factors  as  variations 

cl  1 

in  residual  stress,  yield  strength,  the  shape  of  the  stress-strain  curve 
and  the  shape  of  the  flat  spots  which  are  neglected  in  the  present  analysis. 
Prior  to  destructive  testing  onu  must  assume  that  failure  will  occur  at 
area  I.  The  predicted  collapse  pressure,  Ppre(j»  is  thus  based  on  the  local 
geometry  of  area  I.  Should  failure  occur  at  a  less  "critical"  flat  spot 
the  analysis  becomes  more  conservative.  Table  4  shows  values  of  Ppre(j  for 
the  present  series  of  models  and  compares  them  with  the  experimental  col¬ 
lapse  pressures  PgXp* 

Although  both  areas  I  and  VI  were  within  the  failure  area  of  SRS-2, 
area  VI  was  used  for  the  collapse  calculations  for  two  reasons.  First, 
area  VI  was  the  closest  to  the  center  of  the  failure  area  and  second,  no  non¬ 
linearity  of  strains  was  recorded  at  area  I  just  prior  to  failure.  Be¬ 
cause  of  its  relatively  low  R^/R  ratio  no  strain  gages  were  placed  at  area 
VI. 

Measured  maximum  membrane  stress  sensitivities  are  compared  with 
their  theoretical  or  calculated  counterparts  at  several  flat  spot  areas  for 
each  model  in  Table  3.  Equations  defining  the  two  stress  sensitivities 
are  also  given  in  the  table.  With  few  exceptions  agreement  between  the 
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two  was  within  10  percent  with  the  calculated  value  usually  greater  than 
the  measured  value.  Looking  at  the  exceptions  in  Table  3  in  all  but  one 
case,  SRS-3  area  V  where  all  measured  strain  sensitivities  were  somewhat 
suspect,  the  calculated  stress  was  higher  than  the  measured  value. 

CONCLUSIONS 

1.  Residual  welding  stresses  appear  to  play  a  significant  role  in 
the  collapse  strength  of  HY-80  steel  hemispheres.  Nondimensionalized 
collapse  data  for  hemispheres  whose  formed  segments  had  been  stress 
relieved  prior  to  being  welded  together  fell  closer  to  the  lower  bound 
results  for  hemispheres  tested  in  the  as-fabricated  condition  than  to  the 
lower  bound  for  completely  stress  relieved  hemispheres. 

2.  The  agreement  between  calculated  and  measured  membrane  stress 
sensitivities  at  flat  spot  areas  was  fairly  good.  With  few  exceptions 
agreement  was  within  10  percent. 
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AS  FABRICATED 


STRESS  RELIEVED 


SRS-2A 


AS  FABRICATED 


STRESS  RELIEVED 


SRS-SA 


0.)  PERCENT  YIELD  STRENCTHS  ARE  IX  KSI. 
•  PLOTTED  m  FIGURE  3 


Figure  2  -  Yield  Strength  Distribution  in  As-Febriceted  end 
Stress  Relieved  Forced  Segments  for  Models  SRS-2A  end  SRS-3A 
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Figure  6  -  Strain  Gage  Locations  and  Strain  Sensitivities 

The  layout  shown  represents  o  view  looki  ng  iijto  the  open  end  of  the  model 
except  where  noted.  Both  inside  and  outside  surfaces  ore  instrumented  for  eoch 
position  indicated.  All  inside  gages  hove  numbers  begining  with  200  ond  all  out¬ 
side  with  numbers  begining  with  100  (only  the  outside  gages  ore  indicated  on  these 
diagrams).  All  circumferential  gage  numbers  end  with  on  even  number  ond  oil 
meridional  gages  with  an  odd  number.  All  gages  oriented  45  deg  from  these  directions 
hove  numbers  ending  with  the  letter  A.  The  stroin  sensitivity  for  eoch  goge  is  given 
in  parenthesis  adjacent  to  the  gage  In  fi  In. /In. /pel.  The  figure  on  the  left  is  the 
sensitivity  far  the  outside  end  the  right  for  the  inside.  *  indicates  gage  for  which 
pressure  strain  plats  are  shewn  on  Figure  8.  The  area  of  failure  Is  indicated  by 
broken  line. 
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Figure  7b  -  4-Foot  Testing  Tank 
Figure  7  -  Test  Setup 


30 


STRAIN  IN  mtlCROINCH  INCH 


-250  -  500  -750 


iO 


m  rsi 


MODEL  AF-3 


CAGE  112 

1 

mmm  HBhH 

m 

HS8 

_ / 

rm 

■ 

W/A 

mm 

WA 

-  *000  -  9000  >10.000  -11.000  0  -1000  -  2000 

STRAW  W  JHN./M. 


Figure  8c  *  Model  AF-3 


-4000 


CAGE  11 2A 


pgsggp. 


■■■■1  ■I 

■■■■In 

■nun 

■■■■■■ 

■■■■In 

uni 

MM 


z 

1 

2 

u 

z 

w 

5 

rH 

o 

z 

i 

u 

■8 

S 

5 

i 

z 

z 

0) 

00 

< 

oc 

K 

wr» 

<u 

u 

t>0 


g.  | 

mm 

HHI 

8 

Si 

& 

% 

UK 

g.  § 

- - 

**  i 

Kir! 

8 

^  n  n 

z  z  z 

SSi-^ 

”T 

ODO 

o 

K? 

t 

§ 

M 

g2  1 

1 

_  1 

Mm 

paooX 

■■ 

HHI 

- 1 - 

i 

1 

I 

GAGE 

113 

OUT 

Jl_ 

% 

~K 

Sa  § 

— — r^s 
0 

a  =  s 

o 

i 

fei: 

X 

trf 

I 

% 

a 

L-ga__|j 

N  _• 

—  8  a 
*r  i 

K; 

•■>  -  fi 

Kj 

1 

i 

,__j 

im  mi  iunnuM 


37 


PSD  3271  S3 


Figure  9e  -  Model  SRS-2 


Figure  9g  -  Model  SRS-4 
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LOWER  BOUND  FOR  STRESS  RELIEVED  HEMISPHERES 


Figure  10  -  Nondimensional  Plot  of  Experimental  Results  for 
Fabricated  HY-80  Steel  Spherical  Shells 
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*nere  .  j,  and  .  3  are  the  average  strain  sensitivities  at  the  0-,  45-,  and  90-deg 
orientation  in  a  three-el  e,nent  rosette. 


TABLL  4 


Comparison  of  Predicted  and  experi¬ 
mental  Collapse  Pressures 


Model 

Failure  Area 

P  * 

pred 

P 

exp 

p 

exp 

p  r 
pred 

AF-1 

II 

1035 

1260 

AF-2 

VI 

2076 

2240 

1.08 

AF-3 

I 

2460 

2700 

1.10 

SRS-1 

I 

465 

490 

1.04 

SRS-2 

VI 

1280 

1575 

1.23 

SRS-3 

III 

2007 

2360 

1.18 

SRS-4 

VI 

2207 

2850 

1.29 

SRS-2A 

VI 

880 

1060 

1.20 

SRS-3A 

I 

2001 

2440 

1.22 

* 

P  d  determined  by  calculating  Pj  and 

P'  at  Area  I ,  the 

"critical”  area  with  respect 

t°  h  JRy  and  then 

using  the  proper  lower 

bound  curve  in  Figure 

10  to  get  P  or 

PDred‘ 

The  data  points  in 

Figure  10  were  based  on  the 

local  geometry  in 

the 

"failure 

area." 
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Hydrostatic  tests  were  conducted  on  nine  fabricated  HY-80  steel 
hemispheres  to  observe  the  effects  of  residual  stresses  from  cold 
forming  and  welding  on  elastic  response  and  collapse  strength.  Non¬ 
dimens  ionali zed  collapse  lata  indicated  that  residual  stresses  due  to 
welding  play  a  signif ; ennt  part  in  the  collapse  strength  of  fabricated 
HY-80  steel  hemispheres. 
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